Summary. Cardiotrophin-1 (CT-1) is a member of the IL-6 family of cytokines which was originally discovered as a factor which can induce hypertrophy of cardiac myocytes both in vitro and in vivo. Subsequently, CT-1 has been shown to have a wide variety of different effects on cardiac and non cardiac cells including the ability to stimulate the survival of both cardiac and neuronal cells. Interestingly, whilst activation of the p42/p44 MAP kinase pathway is necessary for the survival promoting effects of CT-1 in cardiac cells, it is not required for its hypertrophic effect which is likely to involve activation of the Jak/STAT-3 pathway. CT-1 may therefore be of use as a novel cardioprotective agent, particularly if its hypertrophic effect can be speci®cally inhibited.
Cardiotrophin-1 (CT-1) was originally identi®ed in a screen based on the ®nding that conditioned medium from differentiated embryoid bodies derived from mouse embryonic stem cells, was able to induce a hypertrophic response in neonatal cardiac myocytes. The subsequent screening of an expression cDNA library prepared from such embryoid bodies for the ability to induce hypertrophy resulted in the identi®cation of two clones encoding CT-1 (Pennica et al. 1995a) . No DNA sequence matching these cDNA clones was identi®ed by data base searches indicating that a novel factor capable of inducing hypertrophy had been isolated. In the four years which have elapsed since the original report of the isolation of CT-1, a number of studies of this factor have appeared. These have indicated that as well as being a hypertrophic factor, CT-1 also appears to be able to protect cardiac cells from damaging stimuli as well as to have a variety of other effects on cardiac and other cell types. The purpose of this review is to summarize these studies and to provide an overview of this factor which appears to be of critical importance in the normal functioning of the cardiovascular system and in cardiovascular pathology. A comprehensive review of the very early work on this factor in the ®rst year following its isolation has previously been published (Pennica et al. 1996c) .
CT-1 is a member of the IL-6 family. In the initial report of the cloning of CT-1 (Pennica et al. 1995a) it was shown that CT-1 showed homology to members of the interleukin-6 family of cytokines and was clearly a member of this family which includes a number of other factors such as leukamia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), oncostatin M and IL-11 (for review see Kishimoto et al. 1994 Kishimoto et al. , 1995 . The fact that CT-1 was a member of this family was subsequently con®rmed by studies of its receptor (Pennica et al. 1995b) . Thus, like all members of the IL-6 family, the CT-1 receptor contains a common protein chain known as gp130. Although the IL-6, CNTF and oncostatin M receptors contain in addition a speci®c subunit which is unique to each of these receptors (Kishimoto et al. 1994 , LIF and CT-1 and in certain cells, oncostatin M share a common second receptor component which is known as LIF receptor subunit b (Pennica et al. 1995b; Wollert et al. 1996) . In addition, evidence has also been presented for an additional third receptor component which may be necessary for high af®nity CT-1 binding (Robledo et al. 1997) .
As with all members of the IL-6 family, binding of CT-1 to its receptor sets off a cascade of signalling processes (for review see Hirano et al. 1997) . These signalling pathways result in the activation of at least two types of cellular transcription factors which can then activate the expression of speci®c target genes. Thus, following binding of CT-1 to its receptor, activation of the p42/p44 mitogen activated protein kinase (MAPK) enzymes is observed (Sheng et al. 1997) and this results in the threonine phosphorylation of the NF-IL6 (C/EBPb) transcription factor allowing it to activate gene transcription (Nakajima et al. 1993) . Similarly, activation of Jak tyrosine kinases results in the tyrosine phosphorylation of the STAT-3 transcription factor (Sheng et al. 1997) resulting in its dimerization and transport to the nucleus where it can activate its target genes (Wegenka et al. 1993; Akira et al. 1994 ; for review see Horvath & Darnell 1997) . It is likely that CT-1 achieves its effect via a combination of these two signalling pathways and it will be of major importance to disect which pathway(s) is of major importance in each particular effect of CT-1 (see below).
Expression of CT-1
In the adult mouse (Pennica et al. 1995a ) and human ) expression of CT-1 is not con®ned to the heart but is found in a variety of different tissues. Interestingly however, during mouse embryonic development CT-1 is ®rst detectable in the primitive heart tube at day 8.5 whereas other tissues do not show signi®cant expression at this time (Sheng et al. 1996) . CT-1 is expressed in atrial and ventricular muscle of the developing heart but not in endocardium. Although the developing heart remains the predominant site of CT-1 expression until E10.5, at later developmental stages other organs begin to display expression of CT-1 although expression remains high in the heart (Sheng et al. 1996) . The possibility that CT-1 may play an important role in cardiac development is supported by the observation that knock out mice lacking the gp130 component of the CT-1 receptor show hypoplastic ventricular myocardium leading to death in utero (Yoshida et al. 1996) . This effect is likely to be dependent upon the loss of the CT-1 response rather than a loss of the response to another cytokine binding to this receptor since CT-1 is the only cytokine which is preferentially expressed in cardiac muscle cells at an early stage of development.
As well as its normal expression in the heart, CT-1 expression has also been shown to be upregulated in a variety of pathological states where it may contribute to ongoing disease process. Thus, for example, augmented expression of CT-1 has been detected in the ventricle of genetically hypertensive rats where it may contribute to the ongoing hypertrophic response (Ishikawa et al. 1996) . Similarly, overexpression of both CT-1 and gp130 have been reported in the rat ventricle following myocardial infarction and during experimental acute Chagasic cardiomyopathy (Chandrasekar et al. 1998 ).
CT-1 induces cardiac myocyte hypertrophy
Although CT-1 is expressed in the normal developing and adult heart, as described above, it was ®rst isolated as a factor capable of inducing cardiac myocyte hypertrophy. Thus, the original report on CT-1 (Pennica et al. 1995a) showed that CT-1 was a potent inducer of hypertrophy with activity being detected at concentrations of 0.1 nM or lower and the factor being more potent than other members of the IL-6 family in terms of inducing hypertrophy. As well as cell enlargement, the factor was also active in two other assays of hypertrophy namely the organization of myosin light chain 2 into sarcomeric units and the induction of atrial natriuretc peptide (ANP) secretion.
In subsequent in vitro studies (Wollert et al. 1996) it was observed that the hypertrophy induced by CT-1 was distinct from that induced, for example, by a±adrenergic stimulation both in terms of cell morphology and gene expression pattern. Thus, stimulation with CT-1 leads to an increase in cardiac cell size that is caused by an increase in cell length without a signi®cant change in cell width. Similarly, CT-1 stimulated cells show the assembly of sarcomeric units in series rather than in parallel as is observed with a±adrenergic stimulation.
This distinct pattern of CT-1 ± induced hypertrophy also applies to the pattern of gene expression which is induced during this hypertrophic response. Thus, whilst both CT-1 and phenylephrine stimulate increased ANP gene expression, only phenylephrine induces skeletal a±actin and myosin light chain-2 synthesis (Wollert et al. 1996) . A comparison of these patterns of gene expression with those which occur in hypertrophy in vivo, reveals that the induction of all three genes which occurs following a±adrenergic stimulation is also characteristic of pressure overload-induced hypertrophy. In contrast, the selective induction of ANP gene expression without induction of skeletal a±actin occurs during volume overload-induced hypertrophy. Similarly, the increased addition of sarcomeric units in series rather than in parallel which is observed with CT-1 is also observed in cardiac myocytes isolated from hearts subjected to chronic volume overload. These ®ndings led Wollert et al. (1996) to conclude that CT-1 ± induced hypertrophy is closely related to the volume-overload hypertrophy which occurs during valvular insuf®ciency and results in irreversible loss of cardiac function in humans.
These in vitro studies suggesting a critical role for CT-1 in cardiac hypertrophy have now been supplemented by an in vivo study in which CT-1 was administered to intact mice by intraperitoneal injection (Jin et al. 1996) . In this study, a dose dependent increase in both heart weight and ventricular weight was observed in the mice treated with CT-1, although total body weight was unaffected. Hence, CT-1 can clearly induce cardiac hypertrophy in vivo. Interestingly, previous studies showed that chronic stimulation of the gp130 receptor via the arti®cial overexpression of IL-6 and its soluble receptor chain, results in cardiac hypertrophy in transgenic mice (Hirota et al. 1995) . Hence, chronic stimulation of the gp130 receptor can induce hypertrophy, mimicking the effect of CT-1.
Although a complete understanding of the role of CT-1 in normal cardiac development and hypertrophy must await the preparation of a CT-1 knock out mouse, it is possible to link the above results into a simple framework. Thus, CT-1 is likely to play a key role in the normal development of the heart and in particular in ensuring that the myocardium develops to a normal thickness. Hence, as described above, deletion of the gp130 receptor for CT-1 results in hypoplastic ventricular myocardium (Yoshida et al. 1996) . Although, the continued expression of CT-1 in the adult heart suggests that it has an important role in normal cardiac function, clearly its abnormal expression may induce hypertrophy as occurs in hypertensive rats (Ishikawa et al. 1996) and potentially in humans, mimicking the abnormal effects which occur when the gp130 receptor is chronically stimulated (Hirota et al. 1995) .
Cardioprotective effect of CT-1
As noted above, the continued expression of CT-1 in the adult heart suggests that it continues to have some function following the completion of cardiac development. One possibility in this regard, is that CT-1 has a cardioprotective effect. Thus, Sheng et al. (1996) observed that treatment with CT-1 was able to enhance the survival of neonatal rat cardiac myocytes cultured in serum free medium. Moreover, we showed (Stephanou et al. 1998 ) that pretreatment with CT-1 was able to protect cultured neonatal cardiac myocytes against subsequent exposure to either elevated temperature (heat shock) or simulated ischaemia/hypoxia. (Figure 1 ). This effect was associated with the ability of CT-1 to induce enhanced levels of the heat shock protein hsp70 and hsp90 whose overexpression had previously been shown to protect cardiac myocytes against both thermal and ischaemic stress (Heads et al. 1994 (Heads et al. , 1995 Cumming et al. 1996) .
This ®nding that CT-1 protected cardiac cells against ischaemia in vitro raised the possibility that this factor might be used to minimize the effect of ischaemic damage in the human heart. This possibility was supported by the ®nding that CT-1 appears to exert its survival promoting effects by minimizing the degree of programmed cell death (apoptosis) which is induced by serum removal (Sheng et al. 1997) or by thermal and ischaemic stress (Stephanou et al. 1998; Brar et al. unpublished observation) . In these different studies, the protective effect of CT-1 against apoptotic death was observed in a variety of assays for apoptosis including DNA gel electrophoresis (Sheng et al. The inhibitors were added to the cells 30 min before the addition of CT-1. The CT-1 and inhibitors were removed from the cells which were then exposed to a 6-h simulated lethal hypoxic/ischaemic stress. The cells were harvested and cell death was assessed by trypan blue exclusion. *P < 0 . 05. FACS analysis (Stephanou et al. 1998) and surface binding of annexin V (Brar et al. unpublished observation) which unlike the other assays does not measure DNA fragmentation but rather the translocation of phosphatidyl serine to the outside of the cell membrane which is an early event of apoptosis (Figure 2) .
These ®ndings are of particular importance in that a number of studies have suggested that apoptotic cell death may be of particular importance following myocardial infarction in both animal models Kajstura et al. 1996) and humans (Olivetti et al. 1994 (Olivetti et al. , 1997 . Interestingly, in several studies, such apoptotic cell death of cardiac myocytes has been observed during reperfusion following the ischaemic injury (Gottlieb et al. 1994; Umansky et al. 1995) . We therefore tested whether CT-1 was able to protect cardiac myocytes against the damaging effect of ischaemia/reperfusion when added to the cells in vitro after the ischaemic period at the time of reoxygenation. In these experiments (Figure 3) we were able to observe a clear protective effect of CT-1 when added after the ischaemic period at the onset of reoxygenation (Brar et al. unpublished observation). This effect was observed both in assays of total cell death ( Figure 3 ) and in assays speci®cally measuring apoptotic cell death such as TUNEL labelling or annexin V staining.
These studies therefore establish that CT-1 can have a protective effect in cultured cardiac myocytes in vitro regardless of whether it is added prior to the period of ischaemia or at the period of reperfusion. Although these observations suggest a potential therapeutic role for CT-1, it is obviously necessary to test whether CT-1 has a protective effect in the intact heart. For this reason we tested the protective effect of CT-1 against an ischaemic episode in the isolated rat heart on a Langendorff perfusion aparatus. In these experiments, we were able to demonstrate a protective effect of CT-1 (as measured by a reduction in the infarct size to zone at risk ratio) when CT-1 was added either prior to or during the ischaemic episode. Most importantly, we were also able to demonstrate such a protective effect when CT-1 was added at the time of reperfusion (Brar et al. unpublished observation).
Although it is obviously necessary to repeat these experiments in the intact heart in vivo our experiments represent the ®rst demonstration that CT-1 can have a protective effect in the isolated heart as opposed to cultured cardiac myocytes and demonstrate that it is possible to produce a protective effect when the CT-1 is added at the time of reperfusion as would be necessary in a therapeutic situation.
Signalling pathways in CT-1 induced hypertrophy and protection
Clearly, any therapeutic use of CT-1 would be greatly facilitated if its protective effect could be retained whilst Figure 3 . Cardiac myocytes were exposed to simulated lethal hypoxic/ischaemic injury for 6 h. Immediately after this period, the stimulated ischaemic buffer was removed and replaced with normal growth medium supplemented with CT-1 (2 ng/ml) only (o) and in the presence of 50mM PD98059 (B) or 10mM SB203580 (p). IR NT, cardiac myocytes reoxygenated in the absence of CT-1 (A). The inhibitors were added to the cells 10 min before the addition of CT-1. The cells were incubated under normoxic, oxygenated conditions for 2 h. Subsequent to this period the cells were harvested and cell death following ischaemia/reoxygenation (IR) was assessed by trypan blue exclusion. *P < 0 . 05. eliminating the potentially damaging hypertrophic effect which was the original cause of CT-1 being identi®ed. Progress towards this end would be greatly facilitated by an understanding of the signalling pathways which are involved, respectively, in the ability of CT-1 to stimulate hypertrophy and to produce protection. Most interestingly, there is evidence that of the two signalling pathways for CT-1 described above, one is used predominantly to induce hypertrophy whilst the other is involved in the protective effect. Thus, Sheng et al. 1997 showed that PD98059, an inhibitor of the p42/p44 MAPK pathway was able to block the protective effect of CT-1 whilst having no effect on its ability to induce hypertrophy. Similarly, a dominant negative mutant of the MAP kinase kinase 1 which is an upstream activator of p42/p44 MAPK was similarly able to block the protective effect of CT-1 without affecting the ability to induce hypertrophy.
Although all these experiments are based on the serum withdrawal model, we have obtained similar results in cardiac cells exposed to ischaemia. Thus, the p42/p44 MAPK inhibitor PD98059 was able to block the protective effect of CT-1 on cardiac cells in vitro regardless of whether the CT-1 was added prior to the ischaemic period (Figure 1 and 2) or after this period at the time of reperfusion (Figure 3) . In contrast, a speci®c inhibitor of the p38 MAPK pathway SB203580 was unable to produce a signi®cant inhibitory effect on the CT-1 protection in either situation ( Figure 1±3) . A similar effect was also observed in the ex vivo experiments with the intact heart where PD98059 was able to block the effect of CT-1 added prior to ischaemia or after ischaemia at the time of reperfusion (Brar et al. unpublished observation) .
These experiments therefore indicate that the protective effect of CT-1 is likely to be dependent upon its ability to activate the p42/p44 MAPK pathway. Interestingly, we have previously shown that the NF-IL6 transcription factor which is activated by the p42/p44 pathway (Nakajima et al. 1993 ) is able to stimulate the synthesis of the heat shock proteins (Stephanou et al. 1997) . It is therefore possible that the activation of p42/p44 MAPK by CT-1 leads to the activation of NF-IL6 which in turn induces the synthesis of the protective heat shock proteins hsp70 and hsp90 which we previously observed in our studies of CT-1 (Stephanou et al. 1998) . However, more recent data from our laboratory (Brar et al. unpublished observation) have suggested that CT-1 can have a protective effect even in the absence of new protein synthesis. It is therefore possible that the protective effect of p42/p44 MAPK activation is achieved via direct phosphorylation of a protective protein, rather than the phosphorylation of a transcription factor which then stimulates de novo gene transcription. One obvious candidate in this regard is the 27 kD heat shock protein (hsp27) which has been shown to be phosphorylated following exposure to stressful stimuli with such phosphorylation enhancing its protective effect against such stimuli (Martin et al. 1997) . Whatever the precise nature of the phosphorylated protein which mediates the protective effect of CT-1, it is clear that this protective effect involves the ability of CT-1 to activate the p42/p44 MAPK pathway. In contrast, the phosphorylation of the STAT-3 transcription factor was entirely unaffected by inhibition of the MAPK pathway and is therefore likely to mediate the hypertrophic effect of CT-1 which was similarly unaffected by inhibition of this pathway (Sheng et al. 1997) .
These ®ndings therefore suggest that the two signalling pathways activated by CT-1 may mediate, respectively, its protective and its hypertrophic effects. These ®ndings therefore offer the potential that in future it may be possible to either design analogues of CT-1 which only stimulate the protective pathway or to administer CT-1 together with a speci®c inhibitor of the hypertrophic pathway. Further studies are clearly required in order to develop these possibilities and hence take advantage of the cardioprotective effect of CT-1.
Other effects of CT-1

Effects on the heart
Although the hypertrophic and cardioprotective effects of CT-1 have been extensively characterized, other effects of CT-1 on the heart have also been documented. Thus, it has been shown (Jin et al. 1998 ) that intravenous administration of CT-1 to rats results in signi®cantly elevated cardiac output and heart rate as well as a decreased mean arterial pressure and systemic vascular resistance. As no alteration was observed in stroke volume, it is likely that the increased cardiac output was secondary to the increased heart rate. Interestingly both the depressor effect of CT-1 on blood pressure and the tachycardic effect could be signi®cantly reduced by treatment with a nitric oxide synthase inhibitor suggesting that the haemodynamic effects of CT-1 may be mediated by nitric oxide. It is evidently possible that these effects of CT-1 may improve cardiac function via a reduction in afterload adding to the potentially bene®cial effects of CT-1.
Interestingly, CT-1 has also been shown to reduce the serum and heart levels of tumour necrosis factor (TNF) in mice treated with lipopolysaccharide (Benigni et al. 1996b) . Again this effect may be bene®cial since TNF has been implicated as a pathogenic mediator in a number of different diseases with elevated levels being observed in patients with myocardial infarction or chronic heart failure and having been shown to correlate with the severity of the disease (Latini et al. 1994) . In this case however, it is unlikely that CT-1 acts directly on the heart to reduce TNF levels since reduced TNF production could also be observed when CT-1 was added to mouse blood cells cultured in vitro with lipopolysaccharide (Benigni et al. 1996b) .
In addition to these other in vivo effects of CT-1 on cardiac function, several genes have now been identi®ed whose expression is stimulated by treatment of cardiac cells with CT-1. One of these, that encoding ANP was shown to be induced as part of the studies on the hypertrophic response to CT-1 (Pennica et al. 1995a) and has been shown to be transcriptionally induced by CT-1 treatment (Wollert et al. 1996) . Similarly, brain natriuretic peptide (BNP) which is induced in response to the hypertrophic agent endothelin-1 (ET-1) is also induced by treatment with CT-1 (Kuwahara et al. 1998). Moreover, in our studies of the protective effect of CT-1, we showed that this factor is able to induce the expression of the genes encoding the protective heat shock proteins hsp70 and hsp90 (Stephanou et al. 1998) .
Although a number of genes induced by CT-1 have thus been de®ned, it is of interest that in no case has the CT-1 response element been mapped in the gene promoter. Thus, Wollert et al. (1996) found that a 3 kilobase promoter fragment of the ANP gene conferred inducibility by phenylephrine upon the reporter gene but did not confer inducibility by CT-1. Similarly, almost two kilobases of the BNP promoter was insuf®cient to confer a response to CT-1, although it did confer responsiveness to ET-1 (Kuwahara et al. 1998). These ®ndings may indicate that the response element conferring inducibility by CT-1 is not located in the immediate 5
H¯a nking region of the inducible gene. Alternatively, it is possible that in some cases CT-1 may induce enhanced mRNA and protein levels by post-transcriptional processes, although it should be noted that at least in the case of the ANP gene transcription regulation has apparantly been demonstrated by nuclear run on assays (Wollert et al. 1996) .
Other tissues
As indicated above, the receptor for CT-1 contains the ubiquitously expressed gp130 protein and the LIF receptor subunit b which is also widely distributed. It is not surprising therefore that many of the effects that have been documented for other members of the IL-6 family, particularly IL-6 itself have also been observed for CT-1 (for review see Pennica et al. 1996c) . Thus, for example, CT-1 in common with other members of the IL-6 family is able to induce the liver acute phase response (Peters et al. 1995) and to potentiate the elevation of serum cortiocosterone which is induced by IL-1 (Benigni et al. 1996a) . Moreover, administration of CT-1 in vivo also stimulates the growth of the liver, kidney and spleen whilst causing atrophy of the thymus and increasing platelet and red blood cell counts (Jin et al. 1996) . Of these widespread biological effects of CT-1, perhaps those of the greatest interest concern its effects on the nervous system. Thus, CT-1 produced by differentiated muscle cells has been shown to support the long-term survival of spinal motor neurones (Pennica et al. 1996a) as well as of the dopaminergic neurones which are lost in Parkinson's disease and ciliary ganglion neurones (Pennica et al. 1995b) . Although the effect on ciliary ganglion neurones can be mimicked by the CNTF member of the IL-6 family, the protective effect on dopaminergic neurones is not produced by CNTF. Therefore, CT-1 has survival promoting effects in the nervous system which are not shared by other members of the IL-6 family. Interestingly, the protective effect of CT-1 on motor neurone survival requires an additional receptor component apart from gp130 and the LIF receptor b subunit (Pennica et al. 1996c) and an additional receptor component of molecular mass 80 kD has been identi®ed biochemically on neuronal cells (Robledo et al. 1997) .
In addition to these protective effects on a variety of neuronal cells, CT-1 is also able to induce a switch in the transmitter phenotype of cultured sympathetic neurones. This results in their conversion to a cholinergic phenotype producing choline acetyl transferase and vasoactive intestinal peptide with a corresponding loss of the enzymes of catecholamine biosynthesis such as tyrosine hydroxylase (Habecker et al. 1995) . These ®ndings suggest that the effects of CT-1 in the nervous system may ultimately prove to be as important as its effect in the cardiovascular system and render of still greater importance an analysis of the phenotype of knock out mice lacking CT-1.
Conclusion
A considerable amount of information has accumulated in the four years since the existence of CT-1 was reported. These studies have indicated a wide range of activities of CT-1 on a number of different cell types and organ systems. This pleiotropic activity of CT-1 indicates that it could equally well have been discovered in several different biological systems other than on the basis of its effect on cardiac cell hypertrophy.
Nonetheless the effect on cardiac hypertrophy remains the most extensively analysed action of CT-1, along with its subsequently discovered cardioprotective effect. Both these effects of CT-1 on cardiac cells have now also been demonstrated in the intact heart and it appears that they arise from two distinct signalling pathways induced by CT-1, one of which is important for hypertrophy whilst the other is of importance for cardioprotection. These ®ndings offer the possibility that CT-1 may make the transition from being discovered as an agent which induces the pathological hypertrophic response to being of ultimate therapeutic use in the treatment of ischaemic damage in the heart.
